Microarrays based on DNA-DNA hybridization are potentially useful for detecting and subtyping viruses but require fluorescence labeling and imaging equipment. We investigated a labelfree electrical detection system using electrochemical impedance spectroscopy that is able to detect hybridization of DNA target sequences derived from avian H5N1 influenza virus to gold surfaceattached singlestranded DNA oligonucleotide probes.
A possible application for a labelfree electrical detection system is the avian influenza virus (AIV), which circulates in wild and domestic bird populations and currently is considered as a potential source for a new influenza pandemic. [5] . Influenza pandemics seem to occur when a highly pathogenic avian type virus acquires the capability of efficient humantohuman transmission (reviewed in Ref. [6] ). A current threat is an avian H5N1 virus that emerged in May 1997 [7, 8] and has caused nearly 90 human deaths, with the most devastating outbreak occurring in Asia in 2003-2004 [9] . Horimoto and Kawaoka discussed the possibility that avian H5N1 could give rise to a new pandemic if it acquires the capacity of efficient humantohuman transmission [6] . This threat makes it necessary to detect highly pathogenic avian influenza viruses as early as possible, ideally in the field using portable detection devices.
Classical methods of influenza virus diagnostics are based on virus isolation, culture, and subtype identification by immunoassays, possibly followed by an in vivo experiment, to determine pathogenicity [10] . This process requires 3 to 7 days of virus culture in addition to transporting the sample to the laboratory. Faster molecular methods based on reverse transcription-polymerase chain reaction (RT-PCR) [11] [12] [13] [14] , which require the decision prior to testing for which subtype the test should be carried out, are available. Recently, Hoffmann and coworkers described a cascade of realtime RTPCRs (rRT-PCRs) that determines in the first step the presence of influenza A sequences by rRT-PCR specific to the matrix gene and, if positive, is followed by rRT-PCRs targeted at H7 and H5 specific sequences [15] . Where the H5 sequence is found, an rRT-PCR assay specifically detects highly pathogenic H5N1 strains of the Quinghai lineage that are representative of strains currently occurring in Europe [15] . Portable RT-PCR systems have been described and applied, for example, to the swine fever virus [16] . As an alternative, DNA microarrays have been proposed for complete subtyping and additional virus information [17] [18] [19] [20] [21] [24, 25] . Labelfree impedance detection of oligonucleotide hybridization has been described, for example, for interdigitated ultramicroelectrodes [26] or for electrical microarrays using a coulostatic pulse technique [27] .
The electrochemical impedance spectrum is obtained by measuring the electrical current response in dependence of the frequency of the applied voltage. In any electrical circuit composed of capacitive and resistive elements exposed to an alternating voltage, there will be a phase difference between the electrical current and the applied voltage in dependence of the frequency f. This is conveniently represented by the complex impedance Z:
where j represents the imaginary unit j = √(1). The data typically are displayed in a plot of Z'' against Z' called a Nyquist plot (Fig. 1A) AIV strain is between 30 and 100 fmol. 
Materials and methods

Selection of oligonucleotides
Preparation of electrodes
Gold disk working electrodes with a radius of 1 mm were obtained from CH Instruments (Austin, For backfilling, the electrode was treated for 2 h in 20 �l of a solution of 1 mM mercaptohexanol, 100 mM phosphate buffer (pH 7.2), 100 mM NaCl, and 5 mM MgCl 2 in a hydration chamber at 22°C, followed by measurement of the impedance spectrum as described above.
Sensing of target oligonucleotides
The prepared gold electrode surface was covered with 20 �l of a solution of target oligonucleotides of variable concentrations (see Results) in 100 mM phosphate buffer (pH 7.2), 100 mM NaCl, and 5 mM MgCl 2 for 2 h at 22°C in a hydration chamber. The minimum amount of solution necessary to cover the surface was estimated to be 10 �l, although 20 �l has always been used. Then the electrode was rinsed for 2 min in the same buffer without oligonucleotide and the impedance spectrum was measured as described above.
Data analysis
Curve fitting of the impedance spectra to an The concentration dependence of signal S was fitted with a binding curve for the reaction between probe P and target R, that is, P + rT → PT r :
where S max is the maximum signal for [cHA23]→∞, r is the stoichiometric factor, and K D is the dissociation constant of PT r .
Results
Selection of probe and target oligonucleotide sequences
Highly pathogenic avian influenza viruses have been found to possess several basic amino acids inserted into the posttranslational cleavage site of the HA precursor protein [33] . (Fig. 1A) . For the biosensing event, the electrode was incubated for 2 h with a reverse complementary target cHA23 (Table 1 ). The Nyquist plot (Fig. 1A) showed a significant change of the curve caused by an increased diameter of the semicircle compared with the plot obtained before treatment with the target oligonucleotide.
The data were modeled with a Randles and
Ershler electronic equivalent circuit [34, 35] shown in capacitor [36] . The parameters of the fit (Table 2) show that the biosensing of DNA hybridization was characterized by a marked increase in the electron transfer resistance from R ct = 2.78 k� to (Fig. 2) between the oligonucleotide probe and the gold surface, which is described below.
In a similar experiment, we demonstrated the detection of a gene sequence from the influenza matrix protein cMA20 using the 20mer oligonucleotide MA20/S18/C6 as a probe attached to the gold surface. The charge transfer resistance changed from R ct = 6.59 k� to R ct = 9.89 k� (i.e., by 50%) on treatment with cMA20 ( Fig. 3A) , whereas the charge transfer resistance increased only from R ct = 5.38 k� to R ct = 5.98 k� for a different electrode treated with cHA23 (Fig. 3B) .
Automated data analysis
The curve fitting of the impedance spectra illustrated above requires a complex fitting algorithm and human intervention for the setting of starting values. For a biosensor that can be used in the field, an automatic procedure for obtaining the signal using an algorithm with a minimal amount of calculations is desirable. We achieve this by using the modulus of the impedance |Z| f in dependence of frequency f of the alternating voltage. From the complex impedance defined in Eq. (1), the modulus is obtained as
The hybridization signal is calculated from the sum over N data points of the absolute differences in |Z| before and after hybridization:
To account for all available data, the sum is taken over all frequencies of the measurement. To account for differences between individual electrodes, the signal is normalized by the number of data points N and the maximum of the phase shift in the semicircle portion of the impedance spectrum before hybridization. The procedure is illustrated in Fig. 4 for two experiments using a noncomplementary target sequence (Fig. 4A ) and a complementary target sequence (Fig. 4B) . The star denotes the normalization factor max Z'' before , which is related to the electron transfer resistance of the electronic equivalent circuit shown in Fig. 1B , max Z'' before = R ct [22] . The formation of the cumulative sum in dependence of frequency is illustrated in HA23/S12/C6 gives the highest signal, followed by HA23/S18/C6, which also gives the highest ratio of specific/nonspecific signal (Fig. 5) . However, only in a limited number of cases were we able to obtain stable SAMs with the HA23/S18/C6 probe, possibly indicating problems in synthesis of the longer spacer element; thus, we chose HA23/S12/C6 for further experiments.
Dependence on target concentration 
Detection of long target sequences
To test the ability of the biosensor to detect larger gene fragments as they may occur in samples taken from infected birds, we investigated the detection of a 120mer target sequence containing 23 nucleotides reverse complementary to the probe HA23/S12/C6 (Fig. 6B) . The average signal obtained with 1000 nM cHA120 target is 0.56, a value lower than that obtained with cHA23.
The detection limit is in the region of 10 nM target concentration, corresponding to 200 fmol of target molecules.
Discussion
The appearance of a prominent semicircle in the The modelfree data analysis described here yields a signal whenever there is a change in the EIS.
To optimize the detection system, the influence of various spacer molecules shown in Fig. 2 on the detection signal was investigated. The results in 
Conclusions
We have used an optimized procedure for SAM formation on gold electrodes that employs a 1:10 DNA/mercaptohexanol ratio, followed by backfilling with mercaptohexanol alone (see supplementary material). A systematic investigation of the spacer molecule between the oligonucleotide and the gold surface identified HA23/S12/C6 or HA23/S18/C6 (see Fig. 2 ) as the optimal length.
With these probes, we showed the detection of a 23nt DNA sequence as a model for an avian influenza gene sequence to a detection limit below 200 fmol. These results form the basis for the development of a portable gold microelectrode array device using the impedimetric detection
principle that is able to analyze environmental samples for the presence of highly pathogenic avian influenza virus strains that may present a risk to humans.
